We present results of numerical investigation on thermal flux in Rayleigh-Bénard magnetoconvection in the presence of a uniform vertical magnetic field. We have studied thermal flux in different viscous fluids with a range of Prandtl number (0.1 ≤ Pr < 6.5) and a range of Chandrasekhar number (50 ≤ Q ≤ 2.5 × 10 4 ). The power spectral density of the Nusselt number varies with frequency f approximately as f −2 . The probability distribution function of the fluctuating part of the Nusselt number is nearly normal distribution with slight asymmetric tails. For a fixed value the Rayleigh number Ra, the time averaged Nusselt number Nu(Q) decreases logarithmically with Chandrasekhar number for Q > Q c , which depends on Ra and Pr. The reduced Nusselt number Nu r = Nu(Q) / Nu(0) rises sharply, reaches a maximum slightly above unity and then start decreasing very slowly to unity as the value of a dimensionless parameter √ Ra/(Q Pr) is raised. The probability distribution function of the local thermal flux in the vertical direction is found to be asymmetric and non-Gaussian with a cusp at its maximum.
Introduction
The understanding of heat flux in magnetoconvective flows is a topic of intense research due to its potential industrial applications in nanofluids [1] [2] [3] , biofluids [4] , electro-chemical process [5] and material processing research [5] [6] [7] in addition to its relevance in traditional areas like geophysics [8] [9] [10] [11] [12] and astrophysics [13] [14] [15] [16] . A thermally stratified system, where a thin horizontal layer of a fluid is subjected to an adverse temperature gradient and simultaneously subjected to a uniform magnetic field, is known as Rayleigh-Bénard magnetoconvection (RBM) [17] [18] [19] [20] . Chandrasekhar [17] analysed the linear problem of thermal convection in a homogeneous fluid. He showed that a uniform vertical magnetic field delays the convective flow. In addition, he showed that the onset of convection is always stationary if Pr is greater than Pm.
The dynamics of RBM is governed by four dimensionless quantities: (1) Rayleigh number Ra, which is the relative measure of the buoyancy force over the dissipative force, (2) Chandrasekhar's number Q, which is a measure of the strength of the Lorentz force, (3) the thermal Prandtl number Pr = ν/κ is a ratio of the effective kinematic viscosity ν and the effective thermal diffusivity κ, and (4) the effective magnetic Prandtl number Pm = σµ 0 ν, where σ is the electrical conductivity of the fluid and µ 0 is the magnetic permeability of air. The magnetic diffusivity of the fluid is defined as η = 1/(µ 0 σ).
Experiments on the measurement of thermal flux in magnetoconvection in metallic fluids [21] [22] [23] showed that the transport of heat across the fluid layer in turbulent magnetoconvection was reduced significantly and the fluid flow was affected [20] . It was also found that the time averaged Nusselt number Nu showed scaling behaviour with Rayleigh number Ra [21, 22] . The scaling exponent was found to depend on the strength of the applied magnetic field. A uniform nanofluid consists of homogeneous suspension of metallic nanoparticles in an ordinary fluid, which is also known as a base/carrier fluid. The viscous, thermal, electrical and magnetic properties of a nanofluid depend on the properties of the base fluid as well as the properties of suspended nanoparticles. There is hardly any work on the role of magnetic field on the heat flux in unsteady flows in fluids including nanofluids, liquid crystals and metallic fluids.
In this article we present results of numerical simulations on both global and local heat fluxes in RBM with a uniform vertical magnetic field in water based nanofluids with low dilution of non-magnetic spherical nanoparticles. We have computed Nusselt number Nu(Q), which is a measure of the global heat flux for non-zero value of Chandrasekhar's number Q, which is a ratio of the Lorentz force per unit volume to the drag force due to magneto-viscous effect. The time averaged Nusselt number Nu(Q) increases slowly with Chandrasekhar number Q for smaller values of Q. The effective Prandtl number of fluid is varied from 0.1 ≤ Pr ≤ 6.4. As soon as Q is raised above a critical value Q c , which depends on Ra and Pr, Nu(Q) decreases logarithmically with Q for a fixed value of Ra. We have also plotted the variation of the reduced Nusselt number Nu r = Nu(Q) / Nu(0) with a dimensionless parameter √ Ra/(QPr), which is a ratio of the buoyancy and Lorentz forces. For fluids with Prandtl number Pr ≤ 4.0, Nu r increases sharply with the dimensionless parameter √ Ra/(QPr). It attains a maximum slightly above unity and then begins decreasing slowly towards unity, as √ Ra/(QPr) is further raised. The probability distribution of fluctuations in the Nusselt number is close to normal with slightly asymmetric tails. The probability distribution functions (PDF) of the local heat fluxes in the vertical direction are found to be non-Gaussian with a cusp at their maxima. PDFs are asymmetric about their maxima and have exponential tails.
Hydromagnetic System
We consider a thin horizontal layer of a homogeneous nanofluid of effective density ρ and thickness d, effective thermal expansion coefficient α and effective electrical conductivity σ and subjected to an adverse temperature gradient β in the presence of a uniform magnetic field B 0 = B 0 e 3 directed along the vertical direction. Here e 3 is a unit vector in the vertically upward direction. The effective density ρ and the electrical conductivity σ are expressed [3] as:
where φ is the volume fraction of the suspended spherically shaped nanoparticles of density ρ p and electrical conductivity σ p in a base fluid of density ρ f and electrical conductivity σ f . We may express the products ρα and ρc V for nanofluids [3] as:
where c V stands for the effective specific heat of nanofluid at constant volume. The effective thermal conductivity K of a nanofluid [24] with spherical nanoparticles of thermal conductivity K p in a base fluid of thermal conductivity K f is expressed as
Following Brinkman [25] , the effective dynamic viscosity µ of a nanofluid may be modelled as:
where µ f is the dynamic viscosity of the base fluid. All diffusion coefficients may then be computed using these expressions.
The effective kinematic viscosity ν or the effective momentum diffusion coefficient of the nanofluid may be computed as:
Similarly the effective thermal diffusion coefficient κ = K/(ρc V ) of a nanofluid with spherical non-magnetic metallic particles may be computed using the expression:
Initially the fluid is at rest and the heat flux across the fluid layer is only due to conduction. The lower boundary of the nanofluid is maintained at temperature T b , while the upper boundary is maintained at temperature
The steady state temperature profile T s (z), density stratification ρ s (z) and the pressure field P s (z) across the nanofluid in conduction state [17] are given by,
where T b and ρ 0 are the reference values of the temperature and density fields at the bottom surface of the nanofluid. P 0 is a constant, which includes the magnetic pressure. As soon as β is raised above a critical value β c , the basic state of conduction becomes unstable and convective flow (v 0) begins. All the fields are perturbed and may be written as:
P s (z) → P(x, y, z, t) = P s (z) + p(x, y, z, t),
All length scales are measured in units of the fluid thickness d and time is measured in units of the free-fall time τ f = 1/ √ αgβ, where g is the acceleration due to gravity. The fluid velocity v(x, y, z, t) = (v 1 , v 2 , v 3 ) T , the perturbation in pressure due to flow p(x, y, x, t), the convective temperature θ(x, y, z, t) and the induced magnetic field b(x, y, z, t) are made dimensionless by αgβd 2 , ρ 0 αgβd 2 , βd and νσµ 0 B 0 , respectively. The value of the effective magnetic Prandtl number Pm is of the order of 10 −5 or less for terrestrial fluids including nanofluids. We therefore set the value of Pm equal to zero in this work. This makes the induced magnetic field b a slaved variable. The RBM in nanofluids is then described by the following dimensionless equations:
where D t ≡ ∂ t +(v·∇) is the material derivative. In the above the dimensionless number Rayleigh number Ra is defined as Ra = αβgd 4 νκ = ρ 0 gαβd (ρ 0 νκ/d 3 ) . It is a ratio of the buoyancy force per unit volume to the drag force per unit volume due to thermo-viscous effect. Other dimensionless external parameter for magnetoconvection is the Chandrasekhar's number Q, which is a measure of the strength of the external magnetic field and it is a ratio of the Lorentz force per unit volume to the drag force due to magnetoviscous effect. It is defined as Q =
. It is also equal to square of the Hartmann number H = B 0 d σ/(ρ 0 κ). It plays the role which Taylor number plays in RBC with Coriolis force [17] .
Horizontal boundaries, located at z = 0 and z = 1, are considered to be thermally conducting and electrically nonconducting. Teflon or ethylene-vinyl-acetate (EVA) composites may realize these conditions in an experiment [26] . Horizontal boundaries made of good thermal conducting material and maintained at constant temperatures do not allow temperature fluctuations at the boundaries due to convective flow in the fluid. So the convective temperature field θ vanishes at the boundaries. Electrically nonconducting surfaces do not allow current across the surface. Therefore, the vertical component of the current density j = (∇ × b)/µ 0 should also vanish at the horizontal boundaries. In addition, the induced magnetic field should be continuous at the boundaries. The induced magnetic field b p in an electrically non-conducting plate of permeability µ p must be derivable from a potential [17] . That is,
In the limit Pm → 0, as considered here, the boundary conditions of the induced magnetic field b are dictated by Eq. 17. This equation is satisfied when b 1 , b 2 and ∂ z b 3 vanish at the horizontal boundaries. This choice also ensures that j 3 = 0 and ∇·b = 0 are automatically satisfied. The velocity boundary conditions on horizontal boundaries are assumed to be stress-free, which are idealized boundary conditions. A good approximation for stress-free boundary conditions were realized in experiments by Goldstein and Graham [27] . RBM at higher values of Chandrasekhar's number Q flows are not affected significantly due to stress-free boundary conditions. The relevant boundary conditions [17] are then given as:
Let us denote magnetic field in the upper boundary as b| z>1 and the same in the lower boundary as b| z<0 , respectively. Then
where Ψ| z≥1 and Ψ| z≤0 are scalar potentials in the regions z > 1 and z < 0, respectively. The non-zero horizontal velocities of a nanofluid at the stress-free boundaries allow surface currents at the horizontal boundaries. The continuity of the vertical component of the induced magnetic field at the horizontal boundaries (z = 0, 1) fixes the horizontal current. The effective thermal Prandtl number of the water based nanofluids may be varied from 6.5 to 4.0, if the volume fraction of spherical copper nanoparticles are varied from 0.2% to 8.0%. The set of hydromagnetic system (Eqs. [16] [17] [18] [19] [20] [21] [22] is applicable to water based homogeneous nanofluids with non-magnetic metallic particles. In the absence of nanoparticles (φ = 0), the hydrodynamic system represents magnetoconvection in geophysical fluids. The value of Pr for Earth's liquid outer core is approximated to be in a range from 0.1 to 10 [8] . Some liquid crystals have Pr ∼ 4.0. These equations may also be useful in electrically conducting gases. The gases at high temperatures may conduct electricity as in a discharge tube. The range of Pr is chosen to cover different types of fluids. The critical Rayleigh number Ra c (Q) for the onset of stationary magnetoconvection depends on the Chandrasekhar's number Q. The critical wave number k c (Q), which is the wave number at the onset of convection, also depends on Q. The expressions for Ra c (Q) and k c (Q) are:
The global heat flux across the fluid layer is defined by Nusselt number Nu, which is a ratio of spatially averaged the total heat flux and the conductive heat flux. It is defined in terms of dimensionless vertical velocity v 3 and convective temperature θ as:
where V = 4π 2 /k 2 c is the dimensionless volume of the simulation box. The Nusselt number, which is a function of time for unsteady magnetoconvection, depends on Ra, Pr and Q. Its time averaged value over a long period T is denoted as Nu = 1 T T 0 Nu(t)dt. The quantity v 3 θ represents the local heat flux in the vertical direction due to magnetoconvection.
Direct Numerical Simulations
Direct numerical simulations are done using pseudo-spectral method. All fields are assumed to be periodic in the horizontal plane. The expansion of the relevant perturbations, consistent with the boundary conditions considered, are:
θ(x, y, z, t) = l,m,n Θ lmn (t)e ik(lx+my) sin (nπz),
p(x, y, z, t) = l,m,n P lmn (t)e ik(lx+my) cos (nπz), where U lmn (t), V lmn (t), W lmn (t), Θ lmn (t), and P lmn (t) are the Fourier amplitudes in the expansion of the fields v 1 , v 2 , v 3 , θ, and p respectively. The wave vector of perturbations in the horizontal plane is k = lke 1 + mke 2 . We have set k = k c (Q), where k c (Q) is the critical wave number for a given value of Q. The integers l, m, n can take values compatible with continuity equation, which leads to the following condition.
The expansions of the magnetic fields in the boundaries outside the nanofluids [20] may be expressed as:
where γ = k (l 2 + m 2 ) and Ψ lmn (t) = nπW lmn (t) γ(γ 2 +n 2 π 2 ) . The spatial grid resolutions of the periodic box of size L × L × 1, where L = 2π/k c (Q). Spatial resolution of 128 × 128 × 128 or 256 × 256 × 256 grid points has been used for simulations presented here. As the Rayleigh number is raised above a critical value Ra c (Q), while keeping the values of Q and Pr fixed, stationary magnetoconvection begins [17] . We define the distance from criticality by a parameter ǫ = Ra−Ra c (Q) Ra c (Q) . As Q is raised keeping Ra and Pr fixed, the parameter ǫ becomes smaller and consequently the fluctuations are reduced. The fluctuations are more at lower values of Q, if the value of Ra is sufficiently raised. As a results the spatial resolution required is less, if Q is raised to a higher value with Ra and Pr fixed. The spatial resolutions used here are sufficient to describe the magnetoconvective flow for the parameter values considered. We have compared our results for Q = 0 with those obtained by Veronis [28] , Moore & Weiss [29] and Thual [30] , who used the identical boundary conditions. The two sets of grid resolutions used here keep the minimum value of the global Kolmogorov dissipative scale always more than 2. We have also reproduced the results reported in the earlier works on magnetoconvective instability [20] as well as on RBC [31] . Of course, for much lower values of Pr (< 0.1) and much higher values of Ra would require better spatial grid resolutions. We have listed in Table 1 Table 1 . They are in good agreement. Rayleigh-Bénard convection was investigated numerically in a cubic box with no-slip velocity boundary conditions on all walls by Xu etal [32] . Their velocity boundary conditions and simulation box size were different than what we have considered here. The values for the Nusselt number in a fluid with Pr = 7.0 are 8.49 and 11.12 for Ra = 10 6 and 3 × 10 6 , respectively. Our values for Nusselt number at are almost double (17.32 for Ra = 10 6 and 23.54 for Ra = 3 × 10 6 ). The definitions of the dissipation rate for kinetic energy also differs by a numerical factor of 1/2.
We record the values of all relevant fields at all spatial grid points at an regular interval of every two units of dimensionless time. We have computed minimum number of 300 frames for each set of parameter values reported here. 
Results and Discussions
As Rayleigh number Ra is raised to a sufficiently high value for fixed values of Chandrasekhar number Q and Prandtl number Pr, the magnetoconvection becomes unsteady. Fig 1 shows the variation of Nusselt number for chaotic magnetoconvective flow with dimensionless time for Ra = 5.0 × 10 5 and Pr = 4.0 for different values of Q. The temporal evolution of Nusselt number for Q = 70, 300, 500 show that the time averaged mean value Nu(Q) decreases with increase in Q. It confirms that the magnetic field suppresses the heat flux of in RBM at relatively larger values of Q. Figure 2 shows typical threedimensional isosurfaces computed at a given instant from the DNS for Ra = 5 × 10 5 and Pr = 4.0 for two different values of Q. More thermal plumes are generated for Q = 70 than for Q = 500. The generation of more thermal plumes leads to enhancement of the relative Nusselt number in a range of lower values of Q for fixed values of Ra and Pr.
The temporal fluctuation of Nusselt number is considerable for lower values of Q (see Fig. 1 ). Figure 3 displays the standard Figure 4 shows the probability distribution function (PDF) of the fluctuating parts of the Nusselt number around the mean for different values of Q. Probability distribution function is close to normal distribution but with slightly asymmetric tails. For effective value of Pr = 4, the height of PDF is the lowest for Q = 70 but tails are longer. As Q is increased or decreased, the height of PDF goes up and tails become shorter. We have also compared the computed PDFs with the experimental results of Aumaitre and Fauve [33] on Rayleigh-Bénard convection (RBC) in water and mercury in the absence of external magnetic field. The data points shown by navy blue (black) stars and cyan (light gray) squares are adopted from their experiments at much higher values of Ra. PDFs obtained for RBM are in good agreement with those observed in RBC in water and mercury. The slight difference is due to small Rayleigh number used for simulations. The computed curves are smoother due to large number of data points. Figure 5 shows the power spectrum density (PSD) in the frequency space of the Nusselt number for Ra = 5.0 × 10 5 and Pr = 4.0 and for different values of Q. The PSD shows noisy behaviour at lower frequencies. However, the Nusselt number is found to show scaling behaviour at higher frequencies. The Figure 6 shows the plot of threshold Ra c (Q) for stationary magnetoconvection with Q, as obtained by Chandrasekhar [17] for stress-free velocity boundary conditions. The time averaged value of the Nusselt number Nu(Q , for fixed values of Ra and Pr, first increases very slowly with Q, reaches a maximum and then starts decreasing quickly with Q. The tendency of slight enhancement of heat flux was not observed for Pr = 6.4. It has some similarity with enhancement of thermal flux at low rotation rates in rotating RBC. Fig. 6 also shows that decrease of Nu(Q) with Q is logarithmic for higher values of Q [see the magenta The slope of the Nu(Q) − Q curves for Q depends mainly on Ra. The time averaged Nusselt number for Q > Q c may therefore be expressed as:
where C 1 and C 2 are functions of Ra and Pr. We now define a reduced (or normalized) Nusselt number Nu r = Nu(Q) / Nu(0) as a ratio of the Nusselt number in the presence of an external magnetic field (Q 0) and the Nusselt number Nu(0) in the absence of any external magnetic field (Q = 0). The dimensionless parameter Ra/(QPr) is a ratio of the buoyancy force per unit volume (αβgd 4 ρ 0 ) and the Lorentz force per unit volume (σB 2 0 d 2 ν). If the vertical magnetic field always suppressed the transport of heat across the fluid layer [17, [21] [22] [23] , the value of Nu r should always be less than unity and it should approach asymptotically to unity as the parameter √ Ra/(QPr) is raised to a much larger value. of Pr. Nu r increases sharply from a small value (≪ 1) and attains a value slightly bigger than unity, as √ Ra/(QPr) is raised slowly. With further increase in √ Ra/(QPr), the value of Nu r starts decreasing slowly and tends to approach unity (see the plots for Pr = 0.8, 1.0, 4.0) slowly. The inset in Fig. 7 shows an enlarged view of the curve showing Nu r more than unity. The maximum enhancement of thermal flux is observed for 0.1 ≤ Pr ≤ 4.0. The value of the parameter √ Ra/(QPr), where Nu r reaches its maximum, depends on Ra and Pr. We do not observe enhancement of thermal flux for Pr = 6.4. For lower values of Q and for a range of Pr, the enhancement of ther-mal flux is observed in the unsteady magnetoconvection. This behaviour has similarity with enhancement of thermal flux observed in rotating RBC at lower values Rossby number (higher rotation rates) [35] [36] [37] [38] [39] [40] . However, the amount of enhancement observed in the case of magnetoconvection is less compared to that observed in rotating RBC. In addition, the enhancement of thermal flux in magnetoconvection is not observed at larger values of Pr in RBM. This may be due to efficient generation of thermal plumes in rotating RBC at relatively higher values of Pr [39] in rotating RBC.
Thin boundary layers are also characteristics of a turbulent flow [41, 42] . The thickness of thermal boundary layer δ th in turbulent RBC is known to scale with Ra as δ th ∼ Ra −γ . The exponent γ is found to lie between 0.2 and 0.3 [42] . We also investigated the role of magnetic field on the thickness of thermal boundary layer. To compute the thickness of the boundary layer (δ th ), we first spatially averaged the total temperature field T (x, y, z, t) in horizontal plane for each frame of computed data points. This led to a temperature field, which is a function of the vertical coordinate z and dimensionless time t. A time average of a large number of frames (300 frames or more) yielded a temperature field T (z), which depends only on the vertical coordinate z. One such case for Ra = 3.04 × 10 6 , Pr = 1.0 and Q = 300 is shown in Fig. 8 . It clearly shows a sharp drop in the temperature field in a thin layer of the fluid near both the boundaries. The temperature drop in the central part of the simulation cell is very small. We draw two straight lines: one drawn through the almost vertical part and another drawn through the part where the temperature drop is sharp (see Fig. 8 ). The estimated thermal boundary layer δ th is the vertical distance of the point of intersection from the nearest boundary. The upper viewgraph of Fig. 9 shows the variation of the thickness of thermal boundary layer with Q for Pr = 1.0 and different values of Ra. The thickness δ th increases with Q for a fixed value of Ra. It is expected as the increase in Q brings down the distance from criticality ǫ. The lower viewgraph shows the variation of δ th with Ra for different values of Q on log-log scale. The boundary layer thickness decreases with increase in Ra for a fixed value of Q. The boundary layer thickness shows scaling behavior with Ra: δ th ∼ Ra −γ , where the exponent γ(Q) now depends on the Chandrasekhar's number Q. The value of γ is found to be 0.30 ± 0.01 for Q = 3 × 10 2 and 0.18 ± 0.01 for Q = 10 3 . The value of γ is in excellent agreement with the experimental observation of Zhou and Xia [42] for lower value of Q.
We have also computed the probability distribution functions (PDFs) of the local heat fluxes in the vertical direction to investigate the role of the external magnetic field on PDFs. For this, the values of the vertical velocity v 3 and convective temperature θ are recorded at all spatial grid points at regular interval for a long time. A probability distribution function (PDF) of v 3 θ is then computed for each of these frames. A time averaged PDF of local heat fluxes is then obtained using a minimum of 300 frames of computed data sets. Fig. 10 shows PDFs of the vertical local heat fluxes for Ra = 5.0 × 10 5 and Pr = 4.0 for four different values of Q on the semi-log scale. Local heat fluxes are in the upward direction as well as in the downwards direction. All the PDFs are asymmetric about their maxima lo-cated at v 3 θ = 0 and are non-Gaussian. The asymmetry of the PDF shows that the excursion of upward heat flux is more than the excursion of downward heat flux. This signifies that a net heat flux is maintained in the vertically upward direction. The data points in PDFs shown by blue (black) squares, pink (light gray) circles, magenta (gray) stars and green (gray) triangles are for Q = 70, 50, 300 and 500, respectively. The time averaged PDFs of local thermal fluxes in the vertical direction show a cusp at the maximum. This type of cusp was first observed in experiment on turbulent RBC [43] . The PDF of instantaneous local fluxes in the vertical direction also showed the cusp at the maxima in simulations [44] . It may be due to non-Gaussian nature of the vertical velocity v 3 and the convective temperature θ. The inset of Fig. 10 shows an enlarged view of the PDFs near their maxima. The time averaged PDFs with wider spread have lower values of maxima. For Ra = 5.0 × 10 5 and Pr = 4.0, the largest spread of a PDF is for Q = 70. The histograms for these cases have exactly the similar shapes (not shown here) and they show the time averaged vertical local heat flux is maximum for Q = 70, which correspond to √ Ra/(QPr) = 42.25 for Pr = 4.0. This is consistent with the largest global heat flux for Q = 70 for the same set of all parameters (see Fig. 6 ). The probability distribution functions of the local heat fluxes show exponential tails. A large part of the distribution function for the upward local heat flux may be represented with two exponential functions, while the distribution function for the downward local heat flux can be represented well by a single exponential function. It is interesting to note that local energy flux shows approximately exponential tails in wave turbulence [45] . However, the anisotropy in a thermally stratified system makes the probability distributions of local heat fluxes in vertical direction asymmetric on two sides of the peak.
Conclusions
A numerical study on global as well as local heat fluxes in Rayleigh-Bénard magnetoconvection in different fluids is presented. The global heat flux of unsteady magnetoconvection with a uniform vertical magnetic field shows a mild enhancement as the strength of the uniform magnetic field is raised for relatively lower values of Q and a range of thermal Prandtl number (0.1 ≤ Pr ≤ 4.0). For relatively higher values of external magnetic field, there is suppression of heat flux in nanofluids, liquid crystals as well in geophysical liquid metals. The time averaged global heat flux (Nusselt number) decreases logarithmically with Chandrasekhar's number for all fluids responsive to a vertical magnetic field, when Rayleigh number and Prandtl numbers are kept at fixed values. For water based nanofluids is likely to show this behaviour, if the volume fraction of spherical copper nanoparticles is around 8%. A similar behaviour is likely in Earth's outer liquid core (Pr ≈ 0.1) as well as some liquid crystals. The enhancement in heat flux makes the relative time averaged value of Nusselt number slightly more than unity for smaller values of the dimensionless parameter √ Ra/(QPr). The global thermal flux as well as the PDF of local heat flux confirm small enhancement of thermal flux. The fluctuating part of the Nusselt number shows nearly normal distribution with asymmetric tails. The power spectral density of the Nusselt number scales with frequency f approximately as f −2 for higher values of f . The thickness of thermal boundary layer scales with Rayleigh number as δ th ∼ Ra −γ . For lower values of Q, γ ≈ 0.3 and its value decreases as Chandrasekhar numbers is increased. The PDF of vertical local heat-fluxes is found to be non-Gaussian and asymmetric with cusp at its maximum and it has exponential tails.
